Retroviruses, as a result of the presence of two identical RNA molecules in their virions, recombine at a high rate. When nonhomologous RNA is present in the dimer RNA molecules, nonhomologous recombination occurs, although the rate is only 0.1% of the rate of homologous recombination. We developed a protocol to study transduction of cellular proto-oncogenes in a single cycle of retrovirus replication. The ⌿ sequence is a cis required sequence for packaging viral RNA into viral particles. To test if the rate of nonhomologous recombination increases about 1,000 times when the ⌿ sequence is deleted, as reported by others, we modified vectors we used previously (J. Zhang and H. M. Temin, Science 259:234-238, 1993). Our result indicated that the recombination rate did not undergo the increase of about 1,000 times when the ⌿ sequence of a chimeric RNA was deleted.
Retroviruses, as result of the presence of two identical RNA molecules in their virions, recombine at a high rate (2) . When nonhomologous RNA is present in dimer RNA molecules, nonhomologous recombination occurs, although the rate is only 0.1% of the rate of homologous recombination (6, 15) . The rate of retroviral recombination depends on the length of sequence identity (16) . The formation of 3Ј proto-oncogenevirus junctions of highly oncogenic retroviruses involves such nonhomologous recombination (14) .
Stuhlmann et al. (11) found that the rate of nonhomologous recombination increases at least 1,000 times when viral RNA molecules contain a deletion of encapsidation (⌿) sequences. The ⌿ sequence is a cis required sequence for packaging viral RNA into virions. They constructed a chimeric RNA vector containing a retroviral 5Ј long terminal repeat (LTR) and a neomycin-resistant (neo) gene. The viral 3Ј LTR was deleted and replaced with a simian virus 40 polyadenylation signal. This vector was used for transfection into NIH 3T3 cells, and the transfected cells were selected for neomycin resistance (Neo r ). The cells containing the vector DNA were infected with a replication-competent virus, Moloney murine leukemia virus (MLV). After several rounds of replication, the supernatant media were used to infect fresh NIH 3T3 cells, and the infected cells were selected for Neo r . Neo r colonies were formed only when recombination occurred during reverse transcription, that is, the 3Ј LTR of MLV recombined with the 3Ј end of the neo gene, resulting in a recombinant containing the neo gene flanked by two LTRs.
When the ⌿ sequence was deleted, the number of Neo r colonies was almost the same as that when the ⌿ sequence was maintained. A deletion of the ⌿ sequence decreased the efficiency of packaging of the chimeric RNA vector. The number of Neo r colonies did not change, indicating that the recombination rate increased. There is currently not a hypothesis to explain this observation.
To determine whether similar results could be obtained in our retroviral-vector-based system, we developed a protocol to study transduction of cellular proto-oncogenes in a single cycle of retrovirus replication (15) . To study retroviral recombination, a chimeric RNA vector (JZ211) (Fig. 1 ) was constructed. pJZ211 derived from spleen necrosis virus (SNV) and MLV contains a deletion in the U3 region of its 3Ј SNV LTR and an XhoI restriction site linker in the deletion site. This vector also contains a truncated MLV vector between the two SNV LTRs, in a transcriptional orientation opposite to that of the SNV LTRs. In this truncated MLV vector, the hygromycin resistance (Hyg r ) gene (hyg) is expressed from an MLV LTR and a herpes simplex virus thymidine kinase (tk) polyadenylation signal. The thymidine kinase polyadenylation signal replaces the 3Ј MLV LTR, which has been completely deleted.
To test if the rate of nonhomologous recombination increases about 1,000 times when the ⌿ sequence is deleted, a vector, pJZ244 ( Fig. 1) , that was similar to JZ211 except that it contained a deletion in the ⌿ sequence was constructed. pJZ244 was constructed by digestion of pJZ211 with MscI and BamHI, repair with a large fragment of Klenow, and ligation. ⌿ sequences are contained within MLV sequences from bases 215 to 1039. The MscI-BamHI fragment is contained within nucleotides 396 to 1039 (1) . To test the titer of a vector with this deletion of ⌿ sequences, a vector, pJZ318, was constructed. pJZ318 was similar to pJZ244 except that a MLV 3Ј LTR was added to the 3Ј end of the hyg gene. Therefore, pJZ318 contained two complete LTRs and a hyg gene between the two LTRs; however, the same part of the ⌿ sequence was deleted. The JZ318 provirus was introduced into the helper cell line PG13, and the Hyg r CFU was about 1,000 times lower than that with a wild-type vector which contained a complete ⌿ sequence (data not shown).
The DNAs containing pJZ211 and pJZ244 were transfected into the SNV C3A2 helper cell line (containing the SNV gagpol and env genes) (13) . The cells were selected for Hyg r , and the Hyg r cells were pooled and designated step 1 cells. Virus from step 1 cells was used to infect the MLV (xenotropic) helper cell line PG13 (containing a gibbon ape leukemia virus envelope) (8) . Infected cells were selected for Hyg r , and individual clones were isolated and designated step 2 cells.
The structure of the proviruses formed from the U3 vector in the PG13 cells was monitored by Southern (DNA) analysis. The XhoI linker in pJZ211 and pJZ244 is duplicated in the 5Ј LTR during formation of the step 2 provirus (4). Cellular DNA of each step 2 cell clone was digested with XhoI. Those step 2 clones containing the expected fragment which hybridized to a hyg probe were used for further analysis.
To test whether any virus capable of forming Hyg r colonies was produced by the step 2 cells, we used the supernatant medium (3 ml) from each step 2 cell clone to infect D17 cells (a dog osteosarcoma cell line), and the infected cells were selected for Hyg r . No Hyg r colonies were detected. Because of the U3 deletion in SNV, there is no transcription from the SNV 5Ј LTR after one round of replication (3) .
An MLV vector (pLN) (9) containing a neo gene was transfected into the amphotropic MLV PA317 helper cell line (7). The cells were selected for Neo clones were isolated and designated step 3 cells. Each step 3 cell clone contained a single JZ211, a single JZ244, and a single LN provirus (data not shown).
The supernatant medium of each step 3 clone was used to infect D17 cells (the target cells), and the infected cells were selected separately for Hyg r and for Neo r . The resulting resistant cells were designated step 4 cells. Hyg r colonies form only when nonhomologous recombination between the JZ211, JZ244, and LN genomes has occurred so that the hyg gene is flanked by two LTRs. The target cells do not contain viral gag-pol and env gene products for retrovirus replication, and no progeny virus was released from them (15) . Therefore, the vector virus had undergone only one cycle of replication.
The rates of nonhomologous recombination during a single retroviral replication were calculated as the ratio of Hyg r to Neo r . The rate of recombination for JZ211, which contained the ⌿ sequence, is about 3 ϫ 10
Ϫ5
. Eleven step 3 cell clones of JZ244 (developed from six independent step 2 clones) were analyzed ( , or less than 1% of the rate of recombination between LN and JZ211, which contained a complete ⌿ sequence. This result indicated that the recombination rate did not undergo the 1,000-fold increase when the ⌿ sequence was deleted from a chimeric RNA.
The relative amounts of ⌿ ϩ and ⌿ Ϫ RNA packaged into virions have been determined. Cellular ⌿ ϩ and ⌿ Ϫ RNAs as well as viral ⌿ ϩ and ⌿ Ϫ RNAs were isolated and used to perform a slot blot analysis. The filter was hybridized with a hyg probe. The result indicated that the ⌿ ϩ and ⌿ Ϫ RNA transcription levels are almost the same and that ⌿ Ϫ RNA has an ϳ256-fold-lower efficiency of packaging into virions (data not shown). Therefore, this slot blot analysis has ruled out the possibility that the lower recombination rate of JZ244 (⌿ Ϫ ) is due to expression levels lower than those of JZ211 (⌿ ϩ ). Analysis of the 3Ј junctions of highly oncogenic retroviruses and the junctions in these experimental systems demonstrates that nonhomologous recombination usually involves a short region of sequence identity in the midst of otherwise nonidentical sequences (5, 12, 14, 15) . The enzyme(s) and mechanism probably are the same for nonhomologous recombination and homologous recombination. In another study, Stuhlmann and Berg (10) determined that the ⌿ Ϫ nonhomologous-recombination rate was equal to or higher than the rate of homologous recombination and that the rate of homologous recombination did not increase when the ⌿ sequence was deleted. At present we are unable to explain that result. 
